24 25 Abbreviated title 26 Perineuronal nets regulate cerebellar plasticity. 27 Summary 28 29 Perineuronal nets (PNNs) are assemblies of extracellular matrix molecules, which surround the cell body and 30 dendrites of many types of neuron and regulate neural plasticity. PNNs are prominently expressed around 31 neurons of the deep cerebellar nuclei (DCN) but their role in adult cerebellar plasticity and behavior is far 32 from clear. Here we show that PNNs in the DCN are diminished during eyeblink conditioning (EBC), a form of 33 associative motor learning that depends on DCN plasticity. When memories are fully acquired, PNNs are 34 restored. Enzymatic digestion of PNNs in the DCN improves EBC learning, but intact PNNs are necessary for 35 memory retention. At the structural level, PNN removal induces significant synaptic rearrangements in vivo, 36 resulting in increased inhibition of DCN baseline activity in awake behaving mice. Together, these results 37 demonstrate that PNNs are critical players in the regulation of cerebellar circuitry and function. 38 39 Keywords 40 41 Perineuronal nets, chondroitin sulfate proteoglycans, chondroitinase, cerebellar nuclei, eyeblink 42 conditioning, ultrastructure. 43 44 45 100 PNNs are modulated in response to EBC. We examined PNNs during two phases, namely during learning (day 101 5), and when animals had reached stable levels of performance (day 10; Heiney et al., 2014; Rasmussen et 102 al., 2018). PNN expression was evaluated by quantifying the staining intensity of Wisteria floribunda 103 agglutinin (WFA) around individual neurons in eyeblink-encoding regions of the DCN, i.e. the dorsolateral 104 hump (DLH) and the adjacent lateral part of the anterior interpositus (IntA) (Yeo et al., 1985; Clark et al., 105 1992; Krupa and Thompson, 1997; Freeman et al., 2005; Heiney et al., 2014; ten Brinke et al., 2017) , with the 106 lateral nucleus as control area (Fig. 1A, B ). We found a significant increase in CRs (from 1% on day 1 to 60% 107 on day 5) over the course of 5 days-training in the conditioned group, whereas, as expected, 108 pseudoconditioned animals did not show learning [day: F(1.971, 15.767) = 13.334, P<0.001; group: F(1, 8) = 109 17.332, P=0.003; interaction: F(1.971, 15.767) = 13.337, P<0.001; Greenhouse-Geisser corrected repeated-110 measures (RM) ANOVA; Fig. 1D]. Conditioned mice also displayed an increase in the fraction eyelid closure 111 (FEC) at US onset, in contrast to pseudoconditioned mice [day: F(1.746, 13.965) = 11.229, P=0.002; group: 112 F(1, 8) = 14.523, P=0.005; interaction: F(1.746, 13.965) = 10.157, P=0.002; Greenhouse-Geisser corrected RM 113 ANOVA; Fig. 1E]. Since neurons of the DCN display natural variability in WFA staining intensity, we divided 114 the PNNs in three categories: strong, medium, and weak nets (as in Foscarin et al. 2011). Data from both ipsi-115 and contralateral cerebellar hemispheres (relative to US) were analyzed, because both sides encode EBC 116 (Ivarsson and Hesslow, 1993) and axonal plasticity has been reported for both sides (Boele et al., 2013). WFA 117
Perineuronal nets (PNNs) are lattice-like aggregates of extracellular matrix molecules surrounding the cell 48 body and dendrites of various types of neurons in the central nervous system (CNS). Synaptic contacts 49
impinging on PNN-bearing neurons are embedded in these structures. Therefore, PNNs are strategically 50 positioned to influence the development and stabilization of synaptic connections. PNNs emerge during late 51 postnatal development, in coincidence with the closure of critical periods for experience-dependent 52 plasticity (Takesian and Hensch, 2013; Fawcett et al., 2019) . Accumulating evidence suggests that PNNs 53 inhibit different forms of CNS plasticity in adult life, both in physiological and pathological conditions. For 54 instance, enzymatic digestion of PNNs with chondroitinase ABC (ch'ase) or manipulation of PNN components 55 enhance cortical plasticity (Pizzorusso et associative learning paradigm, which consists of an eyelid closure in response to a previously neutral stimulus 71
(such as a light; conditioned stimulus -CS) after repeated pairing of the CS with an obligatory eyeblink-72 eliciting stimulus (such as an air puff; unconditioned stimulus -US). EBC critically depends on DCN function 73 (Freeman and Steinmetz, 2011) . CS and US inputs reach the DCN via excitatory collaterals of mossy fibers 74 originating in the basilar pontine nuclei and of climbing fibers originating in the inferior olive, respectively 75 (De Zeeuw and Yeo, 2005) . While mossy fibers can excite Purkinje cells in the cerebellar cortex through their 76 innervation of the granule cells that give rise to the parallel fibers, the climbing fibers excite the Purkinje cells 77 directly. Purkinje cells in turn inhibit the DCN neurons (Ito et al., 1972) , allowing an integration of the 78 excitatory collaterals with inhibitory inputs (Pugh and Raman, 2009) . At the end of EBC the activity of DCN 79 neurons is enhanced during expression of the conditioned response (CR) (Ten Brinke et al., 2017). In spite of 80 the presence of PNNs, multiple forms of synaptic and structural plasticity take place in the DCN during EBC 81 (Kleim et al., 2002; Freeman, 2015 ; Boele et al., 2013) . Indeed, following EBC the amplitude of the CR can be 82 correlated with the density of mossy fiber terminals derived from the pontine nuclei (Boele et al., 2013) , 83 raising the possibility that the PNNs in the DCN need to be reduced so as to allow sprouting of the mossy 84 fiber collaterals. 85 In the current study, we sought to unravel the role of PNNs in the control of cerebellar plasticity at 86 the circuit and behavioral level. We investigated whether expression of PNN-CSPGs in the DCN is altered 87 during acquisition and consolidation of EBC in adult mice. Moreover, we overexpressed ch'ase in the DCN via 88 a lentiviral vector and assessed whether PNN-CSPG digestion impacts the performance of mice both during 89 and after formation of EBC memories. Finally, to establish a link between behavioural changes and circuit 90 plasticity, we examined the effects of PNN digestion on remodeling of inhibitory and excitatory synaptic 91 terminals and on the baseline electrophysiological properties of DCN neurons in vivo. Our data provide the 92 first evidence for a dynamic modulation of PNNs in response to EBC and for a tight control of the balance 93 between excitatory and inhibitory inputs to DCN intensity between right and left sides  143 was detected in the DLH and lateral IntA of conditioned mice (DLH: X 2 2 = 1.36, P = 0.51; IntA: X 2 2 = 1.47, P = 144 0.48), thus data from the right and left side were pooled together. In contrast to our findings after 5 days of 145 EBC, after 10 days the WFA intensity distribution in the IntA and the DLH was not different between 146 conditioned and pseudoconditioned mice (DLH: X 2 2 = 0.74, P = 0.69; IntA: X 2 2 = 0.052, P = 0.97, Fig. 2C larger cell body size than that of inhibitory neurons (Uusisaari et al., 2007) . Therefore, the effect of ch'ase on 195 the morphology of GABAergic terminals was evaluated around the soma of large neurons (cell body size >250 196 um 2 , Uusisaari et al., 2007) . We found that in ch'ase treated cerebella, GABAergic terminals appeared to be 197 less distinct, forming a more continuous layer around the neuronal soma than in control cerebella ( Fig showing clear synaptic vesicles, mitochondria and release sites ( Fig. 5K ). However, ch'ase induced a 211 substantial increase in the number of GABA+ terminals (uninjected: 438.62 ± 17.75 terminals/mm; ch'ase: 212
553.47 ± 18.27 terminals/mm; Student's t-test t40 = 4.23, P<0.001; Fig. 5J -L). In some cases, in ch'ase-treated 213 cerebella, inhibitory terminals appeared "squeezed" along the neuronal membrane ( Fig. 5K ). Indeed, the 214 average distance between GABAergic terminals was much lower than in control DCN (97.44 ± 14.66 nm 215 versus 183.05 ± 27.64 nm, Student's t-test t60 = 3.01, P<0.01). Moreover, the average size of GABAergic 216 terminals was decreased after ch'ase (uninjected: 2.19 ± 0.096 um 2 ; ch'ase: 1.79 ± 0.07 um 2 ; Student's t-test 217 t229 = 3.34, P=0.001; Fig. 5M ), due to an increased percentage of terminals with a small size (X 2 4 = 9.52, P< 218 0.05; Fig. 5N ). The number of release sites/bouton was not different between the uninjected and ch'ase-219 injected DCN (uninjected: 1.05 ± 0.069 n/um; ch'ase: 1.17 ± 0.060 n/um; Student's t-test t147 = 1.33, P=0.18; 220 Fig. 5O ), suggesting that ch'ase elicits the formation of new GABAergic terminals in the DCN, which are 221 endowed with release sites and, thus, may be functional. No change in the length of release sites was found 222
(uninjected: 300.00 ± 11.19 nm; ch'ase: 283.68 ± 9.61 nm; Student's t-test t296 = 1.11, P=0.27; Fig. 5P ). 223
Synaptic mitochondria play a crucial role in the maintenance of homeostasis of presynaptic terminals and 224 can divide, fuse and redistribute within the cell in response to various physiological cues (Vos et al., 2010) . 225
To assess whether ch'ase affects the amount of mitochondria in GABAergic terminals, we evaluated the 226 percentage of area occupied by mitochondria in each terminal. No difference was detected between 227 uninjected and ch'ase-side (uninjected: 19.84% ± 0.98%; ch'ase: 21.33% ± 1.14%; Student's t-test t191 = 1.00, 228 P=0.32; Fig. 5Q ). 229
To further support the hypothesis that newly formed GABAergic pre-synaptic elements may be 230 functional, we evaluated the number of gephyrin clusters using immunocytochemistry at the light 231 microscopic level. Gephyrin is a scaffold protein that anchors GABAA receptors at the post-synaptic 232 membrane of inhibitory synapses, and is essential for the formation and stability of the GABAergic synapse 233 (Tyagarajan and Fritschy, 2014) . We found that the number of gephyrin clusters was higher in ch'ase mice 234 than in control mice (LV-GFP: 0.88 ± 0.02 puncta/um neuronal membrane, n = 26 neurons; ch'ase: 1.00 ± 235 0.03, n = 23 neurons; Student's t-test t47 = 3.69, P<0.001; Fig. 5R Student's t-test t12 = 1.36, P=0.20; Fig. 6J ). 253 An increase in the number of mossy fiber varicosities in the DLH has been reported in association 254 with learning during EBC, pointing to a role of synaptogenesis of mossy fibers in the formation of EBC memory 255 (Boele et al., 2013) . To examine whether the group difference in consolidation of the memory trace observed 256 after ch'ase may be related to a loss of mossy fiber synapses induced by PNN digestion, we examined the 257 number of VGLUT1+ terminals in the DLH of LV-GFP and LV-ch'ase mice at the end of EBC retention phase. 258 We found a significant decrease in VGLUT1 density in conditioned ch'ase-treated mice when compared to 259 conditioned GFP-mice (GFP, 46221. namely an increase in the number of inhibitory synapses and a decrease in the number of excitatory 262 terminals. 263 264
PNN digestion alters electrophysiological properties of DCN neurons in awake mice 265
To evaluate the role of PNNs in the regulation of spike activity of DCN neurons in vivo, we made extracellular 266 single unit recordings targeted at the lateral IntA and DLH in awake behaving mice. Recordings were obtained 267 from LV-GFP (N=35 neurons in 6 mice) and LV-ch'ase mice (N=38 neurons in 5 mice). Recording location was 268 estimated post-hoc after visualization of neurobiotin, which was added to the pipette solution and pressure-269 injected at the recording site. Neurobiotin staining appeared prominent in the IntA, while diffusing gradually 270 into directly surrounding areas ( Fig. S6A -C), confirming that our recordings were targeted at the correct 271
region. Furthermore, we only included neurons that had been recorded in the IntA region with fully digested 272
PNNs, as evaluated by post-hoc WFA staining. Spontaneous spike activity was recorded in awake mice during 273 periods of quiet wakefulness, i.e. no locomotion or obvious movements occurred and no stimuli were 274
presented. We found that the baseline firing frequency of recorded neurons in LV-ch'ase mice was 275 significantly lower than that in LV-GFP mice (LV-GFP: between groups. These findings demonstrate that ch'ase-induced digestion of PNNs in the IntA leads to lower 280 neuronal baseline spike activity in vivo.
282
Discussion 283 284
In this study we have demonstrated that: i) PNNs in the DCN are reduced during EBC memory acquisition, 285
but are restored when memories are consolidated; ii) digestion of PNNs in the DCN increases and accelerates 286 EBC learning rate, but impairs memory retention; iii) PNN digestion causes substantial remodeling of DCN 287 connections, with an increase in inhibitory synapses and a decrease in excitatory synapses; and iv) PNN 288 digestion induces a reduction in the spontaneous firing activity of DCN neurons in vivo. Overall, we show that 289 PNN modulation is a critical factor for dynamic control of DCN connectivity and, consequently, cerebellum-290 dependent learning ( Fig. 8 ). 291 292 PNN dynamics and EBC 293
We found that PNNs exhibit very dynamic changes during acquisition and consolidation of cerebellum-294 dependent associative memories. Acquisition of EBC memories was accompanied by a decrease in the 295 expression of PNN-CSPGs in DCN areas that are involved in the control of this type of learning, whereas, after 296 consolidation of EBC memories, PNN-CSPG levels were not different from the control situation, suggestive of 297
PNNs reinstatement. CSPGs are known to inhibit axonal growth (Kwok et al. 2008 Purkinje axon growth and synapse formation. Likewise, the growth potential of Purkinje axon collaterals in 367 the cerebellar cortex is under control of CSPGs that are diffusely distributed in the neuropil (Corvetti and 368 Rossi, 2005) . 369
We also found that ch'ase induced a decrease in the density of VGLUT1+ terminals in the dorsolateral 370 hump (DHL) and adjacent areas of the anterior interposed nucleus. The observed differential effects of ch'ase 371 on distinct types of cerebellar synapses might be due to a specific distribution of receptors for CSPGs (Duncan 372 et al., 2019) and/or for Sema3A (Vo et al., 2013) . 373
Pontine mossy fibers, which relay the CS to the cerebellum (Brodal et al., 1986 ; Knowlton and 374 Thompson, 1988) , express VGLUT1+ (Allen Brain Atlas). The pontine mossy fibers in the DHL sprout during 375 paired eyeblink conditioning, but not during pseudo-conditioning with the same set of sensory inputs, and 376 the number of sprouting fibers can be correlated to the amplitude of the conditioned response ( Competing interest 422
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Figure legends
Ethical statement 507
Adult male C57BL/6J mice (6-8 weeks old; Janvier labs) were socially housed with food and water ad libitum, 508
in 12 h light and dark cycles. All procedures were approved by the animal committee of the Royal Dutch 509
Academy of Arts & Sciences and adhered to the European guideline for the care and use of laboratory animals 510 (Council Directive 86/6009/EEC). 511 512
Eyeblink conditioning 513 For pedestal placement, mice were anesthetized with isoflurane (5% induction, 1.5-2% maintenance) and 514 placed in a stereotaxic frame where their body temperature was kept at 37°C using a feedback-controlled 515 heating pad. Eyes were covered with antimicrobial ointment to prevent drying (Terra-Cortril, Pfizer). A mid-516 sagittal incision of approximately 1 cm was made to expose the skull bone, on which primer (Optibond All-517
In-One, Kerr) was applied and treated with UV light. A 6 x 3 x 5.7 mm aluminum block ('pedestal') was 518
attached to the skull bone with dental acrylic (Flowline, Hereaus Kulzer). Skin edges were attached to the 519 dental acrylic using tissue glue (Histoacryl, Aesculap AG). Post-operative analgesia was given subcutaneously 520 (Meloxicam, 0.4 mg/kg, Metacam, AUV). Mice were allowed to recover for at least two days following surgery 521
prior to being subjected to behavioral analysis. Mice were subjected to eyeblink conditioning (EBC) using a 522 camera setup or a setup based on a magnetic distance measurement technique (MDMT setup) (Koekkoek et 523 al., 2002) . In the MDMT setup mice were placed in light and sound-proof boxes, whereas in the camera setup 524 mice were placed in a faraday cage with curtains to create darkness. In both cases mice were first habituated 525
for 5 days with increasing duration (from 15 minutes on day 1 to 60 minutes on day 5). During habituations 526 mice were head-fixed to a horizontal bar and could freely walk on a cylindrical treadmill in the dark to get 527 accustomed to the environment (Chettih et al., 2011) . For mice trained in the MDMT setup, under isoflurane 528
anesthesia hairs under the left eye were removed on day 3. From day 4 onward a small neodymium magnet 529
(1.5 × 0.7 × 0.5 mm) was placed under the left eyelid using superglue (Bison) to allow detection of eyelid 530
movements, thanks to a magnet sensor placed above the magnet, which detects changes in magnetic field. 531
Ten minutes after closing the box, trainings were initiated. In the camera setup mice were placed on the 532 treadmill and before fixation a thin layer of waterproof black mascara was applied on the left whiskers to 533 prevent infrared light (IR) reflection. For all mice, from day 4 onward a sequence of 10 CS only -2 US only -534 10 CS only trials was presented to make mice acquainted with the stimuli. US was a 10ms corneal air puff 535
(35-40 psi) delivered through a p20 pipette tip positioned ~5 mm from the left eye. CS was a 260ms green 536 (camera setup) or green/blue (MDMT setup) LED light positioned ~7 cm in front of both eyes (Fig. 1C) . US 537 onset was 250ms after CS onset, both stimuli co-terminated and stimuli were presented with an inter-trial-538 interval (ITI) time of 12 ± 2sec (camera setup) or 10 ± 2sec (MDMT setup). Trials were initiated only if the eye 539 was more than ~75% opened. Eyelid movements in the camera set up were recorded using a 250fps camera 540 (scA640-120 gc, Basler) and the mouse eye was illuminated by an IR-light. Data was sampled at 2441Hz and 541 stimuli were triggered using TDT System 3 (Tucker Davis Technologies) and NI-PXI (National Instruments) 542
processors. Eyelid movements in the MDMT set up were captured at 1000Hz using custom-written LabVIEW 543 (National Instruments) software (Koekkoek et al., 2002) . 544
To study the effect of 5 days of EBC on PNNs in the DCN, we randomly assigned mice to one of three groups: 545 conditioned (N = 5), pseudoconditioned (N = 5) or control (N = 6). Control mice received a pedestal but 546 remained in the cage for the duration of the experiment. Trainings for these experiments were done with 547 the camera setup. Mice in the conditioned group received a sequence of 3 US only and 100 CS-US paired 548 trials presented with an ITI of 12 ± 2sec, 3 times per day for 5 consecutive days, totaling 15 training sessions. 549
Mice in the pseudo-random group received a sequence of 3 US only trials followed by a random sequence of 550 100 CS only and 100 US only trials 3 times a day for 5 days. Pseudo-random stimuli were presented with an 551
ITI of 6 ± 2sec to match the duration of the training of the conditioned group. To study the effect of 10 days 552 of EBC on PNNs in the DCN, mice were conditioned (N = 3) or pseudoconditioned (N = 3) for 10 days (5 553 days/week, for 2 weeks). To randomize trials we used the 'randi' function of MATLAB (MathWorks) and saved 554 the order in one of three templates which we used in an alternating manner each session. Performance of 555 conditioned and pseudoconditioned mice was measured as the percentage of trials showing conditioned 556 responses (%CR) and the fraction eyelid closure (FEC; 1 is fully closed, 0 is fully opened) at the onset of the 557 US. 558 559
Virus production 560
The GFP or chondroitinase (ch'ase) genes were inserted into lentiviral vectors for long-term expression, 561
containing the mouse phosphoglycerate kinase (PGK) promoter. The vector has been produced according 562
to Zhao et al. (2011) . Briefly, the GFP or chondroitinase transgene was subcloned into a transfer plasmid 563 such that the transgene could be transcribed into a packageable RNA upon transfection into HEK293T 564 cells along with non-recombining plasmids that express lentiviral and VSV-G genes (Naldini et al. 1996 ; 565 Dull et al. 1998 ). Each transfer plasmid specifies a vector RNA which contains, from 5' to 3', the RU5 566 fragment of the long terminal repeat (LTR), HIV-1 packaging signal in a Gag gene fragment, Rev 567 response element, central polypurine tract/central termination sequence, PGK promoter with the 568 transgene, woodchuck hepatitis virus post-transcriptional regulatory element, and self-inactivating (SIN) 569
3' LTR. The vector RNAs are essentially identical except for the polylinker and transgene. The lentiviral 570
vector was created with a transfer plasmid derived from pRRL via the SIN-W-PGK vector, with different 571 polylinkers which includes an additional polypurine tract, and vector particles were generated by 572 cotransfection with this plus two other plasmids (Déglon et al. 2000) . Viral particles were concentrated 573 by ultracentrifugation and the viral particle-containing pellet was resuspended in 0.1 M phosphate-574 buffered saline pH 7.4 (PBS) or in Dulbecco's modified Eagle's medium (DMEM), and stored at −80°C 575 until further use. Viral titer was obtained by a p24 antigen ELISA assay (Perkin Elmer). The titer of LV-PGK-576
GFP was 3 x 10 10 transducing units, the titer of LV-PGK-ch'ase was 1 x 10 10 transducing units. 577 578
Virus injections 579
Mice were deeply anesthetized using isoflurane and eyes were protected from drying using antibacterial eye 580 cream (Terra-Cortril, Pfizer). Body temperature was maintained at 37°C using a temperature-controlled 581 heating pad. A 1 cm longitudinal skin and muscle incision was made at the level of the occipital bone. For 582 behavioral and electrophysiological evaluations, bilateral injections were performed. Two small craniotomies 583
were done to expose the IV-V cerebellar lobule of the right and the left hemispheres. One µl of virus (LV-584 PGK-GFP or LV-PGK-ch'ase; titer matched at a final titer of 1 x 10 10 transducing units) was injected into each 585 interpositus nucleus (-6.0 mm from Bregma, +-2.0 mm lateral from midline, 2.0 mm depth) by a quartz 586 capillary pipette (30-40 μm tip diameter) connected to a Harvard injection pump (speed: 0.15 μl/min). The 587 pipette was left in place for 2 minutes after the injection and was then slowly retracted. For morphometric 588 assessments of synapses, unilateral injections (in the right DCN) were performed and animals were sacrificed 589 4 weeks later. For EBC experiments, after virus injection a continuation of the first incision was made in the 590 skin covering the top of the skull and a pedestal was stereotaxically placed (see above). The head skin was 591 sutured and animals were given post-operative analgesia (0.4 mg/kg Meloxicam, Metacam). 592 593
Eyeblink conditioning on virus-injected mice 594
To study the effects of PNN digestion on EBC acquisition and retention, N = 22 mice were injected with LV-595 PGK-GFP and N = 19 mice were injected with LV-PGK-ch'ase. After surgery, mice recovered for 14 days before 596 initiation of habituation sessions (described above). Behavioral tests were performed blind to eliminate 597 experimenter bias. Starting on day 21 after injections, mice were trained once a day for 5 consecutive days 598 using the MDMT setup (acquisition phase). Each session consisted of 20 blocks of 1 US only -10 CS-US paired 599 -1 CS only trials presented with an ITI of 10 ± 2sec, totaling 20 US only, 20 CS only and 200 paired trials per 600 session. Following acquisition training, memory retention (retention phase) was measured in mice that had 601 showed robust learning during the acquisition phase (%CR >35% on the last acquisition day; LV-GFP: N = 16; 602 LV-ch'ase: N = 18). All these mice were subjected to retention sessions on day 3, 7, 10 after the last acquisition 603 day, and a number of them was also subjected to retention sessions on day 14 (LV-GFP: N = 10; LV-ch'ase: N 604 = 11) and 21 (LV-GFP: N = 6; LV-ch'ase: N = 7). Retention sessions consisted of 5 blocks of 1 US only -10 CS-605 terminals/mm 2 ) and size of boutons in each image (area of the image = 15,117 um 2 ), after selecting the 698 automatic threshold and watershed segmentation. Only elements with a size > 0.4 um 2 were included in the 699 analysis, to discard staining background artifacts. DCN neuronal somata were weakly VGLUT2-700 immunopositive and were excluded from the analysis. 701 702
Electron microscopy 703
Mice that received unilateral injection of LV-PGK-ch'ase (N = 3) were perfused with 4% paraformaldehyde in 704 0.12 M phosphate buffer. Brains were postfixed overnight at 4°C, then cryoprotected in 0.12 M phosphate 705 buffer containing 30% sucrose at 4°C. Cerebella were cut on a cryostat into 25 µm-thick sagittal sections and 706 collected in phosphate-buffered saline (PBS). Slices were washed with sodium cacodylate buffer and 707 postfixed for 20 minutes in 1% osmium tetroxide and 1.5% potassium ferricyanide in milliQ, dehydrated and 708 embedded in epoxy resin. Sagitally cut ultrathin sections (70 nm) were contrasted with uranyl acetate and 709 lead citrate and analyzed using a FEI Technai 12 electron microscope. In vivo electrophysiology 729
To investigate the effects of PNN removal on the electrophysiological properties of IntA neurons, mice were 730 randomly assigned to a group receiving bilateral injections of LV-PGK-GFP (N = 6) or LV-PGK-ch'ase (N = 5) in 731
the IntA nuclei (as described above). Three weeks after virus injection, mice were anesthetized using 732 isoflurane and eyes were protected from drying using eye drops (Duodrops, Ceva). Body temperature was 733 maintained at 37°C using a temperature-controlled heating pad guided by a rectal temperature probe. Skin 734 in the neck was shaved and a 1 cm longitudinal incision was made to uncover the neck muscles. Muscles were 735 locally anesthetized (10% Xylocaine, AstraZeneca) and removed to access the occipital bone. Two square 736 craniotomies were made using a dental drill above Crus II, approximately 1.7 mm lateral to Bregma. A thin 737 layer of primer (Optibond All-In-One, Kerr) was applied around the craniotomies, hardened out with UV light, 738
and a circular recording bath was created using dental cement (Flowline and Charisma, Heraeus Kulzer). Bath 739 was filled with saline and the dura was removed covering the brain in both craniotomies. Bath was then filled 740 with a low viscosity silicone elastomer sealant (Kwik-cast, World Precision Instruments) to prevent the brain 741 from drying and the skin surrounding the bath was attached to the skull bone with tissue glue (Histoacryl). 742
Post-operative analgesia was given by i.p. injection of meloxicam (0.4 mg/kg Metacam) and mice recovered 743 for at least 2 hours before initiation of the recording session. During recordings, mice were head-fixed. 744 Extracellular recordings were performed using electrodes with a tip diameter of ~1 μm and a pipette 745 resistance of 4-8 MΩ, heat-pulled from filamented borosilicate glass capillaries (1.5 mm OD, 0.86 mm ID, 746
Harvard Apparatus) with a P-1000 micropipette puller (Sutter Instruments Statistical analysis 770
Statistical analysis was carried out by GraphPad Prism 5 and 7 (GraphPad Software Inc., La Jolla, CA, USA), 771 SPSS version 22 (IBM) and MATLAB (R2011b, MathWorks). Normality of distributions was assessed using 772
Shapiro-Wilk test and, if normality was violated, non-parametric tests were performed. Behavioural 773 performance (EBC 5 days, EBC 10 days, and EBC retention phase) was analysed using repeated-measures 774 ANOVA (data from camera setup) or linear mixed models (data from MDMT setup) with the maximum 775 likelihood method. Group and session/day were modelled as fixed effects, and %CR and FEC at US onset as 776 dependent variables. We assessed the fit of the model by running the analysis with the unstructured, 777 diagonal and first-order autoregressive repeated covariance types, after which we choose the covariance 778 type with the lowest Akaike's information criterion value, which was in most cases the unstructured type. 779
Chi-square test was used to compare the frequency distribution of WFA+ nets. Unpaired Student's t-test or 780 one-way ANOVA (followed by Tukey's post-hoc test) were used to analyse synaptic terminals in 781 immunohistochemistry-or electron microscopy-processed slices. Independent-samples Mann-Whitney U 782 (MWU) test was used to compare spontaneous spike characteristics. Data are shown as mean ± SEM, and 783 P ≤ 0.05 was considered as statistically significant. 784 785 786
Supplemental information 787 Figure S1 . PNN reduction is further accentuated in the right DLH during EBC. (A) Relative content of WFA+ 788 nets in the DLH shows that the percentage of nets with strong WFA intensity is less in the right (R) DLH than 789 in the left (L) DLH of conditioned (cond) mice on day 5 of training. The distribution of WFA+ nets in each side 790 is different from that of CTR and pseudo mice. (B) In the lateral IntA no difference in WFA frequency 791 distribution between right and left side is present in conditioned mice. The relative content of WFA+ nets in 792 both the right (R) and the left (L) side of conditioned animals is different from that of CTR and pseudo animals. 793 * P < 0.05, ** P < 0.01, *** P < 0.001. 794 795 Figure S2 . GABAergic and glutamatergic terminals in the DCN. (A) Synaptic terminals in uninjected IntA, 796 stained by antibodies against the general presynaptic marker SV2 (red) and VGAT (marker for GABAergic 797 terminals; green). GABAergic terminals are the most abundant, and clearly outline neuronal somata 798 (asterisks). In (B), the colocalisation (yellow) between calbindin (CALB, red), marker for Purkinje cells 799
including their synaptic terminals, and VGAT (green) shows that the majority of terminals around DCN 800 neurons belong to Purkinje cells. Arrows point to GABAergic terminals that do not belong to Purkinje cells 801 (VGAT+/CALB-). CALB+ structures that do not express VGAT are Purkinje cell axons. Scale bar: 15 um in A, 5 802 um in B. 803 804 Figure S3 . 
